A 3-D density measurement technique is being developed based on the laser induced fluorescence (LIF) of acetone vapor seeded into the flow field. High speed 3-D imaging of the acetone fluorescence can be achieved using a MHz rate pulse burst laser system, a galvanometric scanning mirror and a high-speed camera, which allow for acquisition of 3-D data in tens of microseconds. This system has been demonstrated for flow visualization and is currently being adapted for 3-D LIF of acetone. One requirement for this technique is significant enhancement of the energy output of the pulse burst laser and fourth harmonic conversion to 266 nm. The modification of the pulse burst laser system through the addition of two more amplifier stages and a fourth harmonic generator is described. Preliminary results show the capability to produce individual pulses 15 nsec in duration with energy in excess of 100 mJ/pulse at 1064 nm. The measurements were taken at reduced power setting with an overall system gain of 2 x 10 8 ; higher pulse energies are anticipated in the future. Second harmonic output (532 nm) was achieved using a Type II KTP crystal with conversion efficiency near 50%. Fourth harmonic output (266 nm) was achieved by frequency doubling the 532 nm light with either a Type I KDP (10% efficiency) or Type I BBO (<1 % efficiency) crystal. Significantly higher conversion efficiencies are expected in the future with better alignment and conditioning of the laser beam prior to entering the crystal, particularly in the case of BBO, which has a small angular bandwidth, but relatively large non-linear coefficient.
I. Introduction
he field of aero-optics has received increasing attention (e.g. Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] as the number of applications involving lasers onboard aircraft, such as directed energy weapons for missile defense, continues to grow. The effectiveness of these systems depends heavily on the efficiency with which the energy in the laser beam can be delivered from the aircraft to the target. A limiting factor in many cases, however, is the wavefront distortion that occurs when the beam passes through an unsteady index-of-refraction field associated with turbulent flow (i.e varying 3-D density field). This causes such phenomenon as beam jitter, steering and defocus, all of which reduce the amount of energy delivered to the target. This effect is easily observed in the twinkling of stars, which is caused by atmospheric turbulence and is corrected for in modern observatories using a wavefront sensor and adaptive optics (e.g. a deformable mirror). For airborne applications, the turbulent flow field surrounding an aircraft is an additional source of wavefront distortion and can lead to order-of-magnitude losses in delivered energy. Unlike atmospheric turbulence, which is relatively slow, the turbulent time scales of the flow around an aircraft are much too fast (frequencies on the order of kHz) to be detected and corrected for with conventional wavefront sensors and adaptive optics. As such, a number of approaches are being undertaken to tackle this problem, such as the use of flow control Quantitatively, the distortion of an optical wavefront can be described by variations in the optical path length (OPL), or more commonly, the optical path difference (OPD): where y is taken as the direction of light propagation. The index of refraction is directly proportional to the flow field density and described by:
where K is the Gladstone-Dale constant (2.23x10 -4 m 3 /kg for air) and ρ is the density in kg/m 3 . These equations demonstrate that the distortion of an optical wavefront is the integrated effect of the three-dimensional density (index-of-refraction) field through which the beam passes. In principle, if the three-dimensional density field of the flow is known, the wavefront distortion can be determined and adaptive optics can be used to correct for it. Conventional flow diagnostics, however, are generally restricted to point or planar measurements and are incapable of providing direct information about the 3-D density field. Furthermore, unsteady flow fields, such as those associated with turbulent boundary layers and separated shear layers, are marked by fluctuating timescales (several kHz) that require high-speeds in order to provide instantaneous, or near-instantaneous, information. Past investigations have succeeded in using a variety of experimental methods to characterize the spatial and temporal scales of turbulent flow fields and the resulting wavefront aberrations. Ultimately, however, a solution to the aerooptics problem will require knowledge of the instantaneous (or nearly-instantaneous) 3-D density field in order to better understand the relationship between the turbulent flow field and associated wavefront distortions such that more efficient flow control and adaptive optic schemes can be developed.
The ultimate goal of the work described here is the development of a three-dimensional density measurement technique suitable for the study of aero-optics. The technique is based on laser induced fluorescence of acetone using a high-speed laser sheet scanning and imaging system.
The first application of the technique will be to investigate the 3-D density field in the wake of a hemispherical shaped turret placed in a Mach 0.8 flow. In this paper, we present the preliminary results of our initial efforts to develop a 3-D density measurement technique. Specifically, we give a brief overview of the 3-D acetone LIF technique and report on a recent upgrade of the pulse burst laser system to produce high energy laser pulses at 266 nm using a fourth harmonic generator.
II. Overview of Acetone 3-D Laser Induced Fluorescence
The basis for the 3-D density measurement technique is laser induced fluorescence (LIF) of acetone. LIF techniques utilize the absorption and subsequent fluorescence of light by molecules contained in the flow field. For planar techniques (PLIF), a laser beam is formed into a sheet and directed through the flow field. Molecules in the flow with an absorption spectrum overlapping the incident laser will absorb some of the photons and subsequently fluoresce new photons at higher wavelengths.
The fluorescent signal is proportional to the number density of excited molecules. In this case, the flow field will be uniformly seeded with acetone vapor such that the number density of acetone molecules is proportional to the flow density. Using a CCD camera, the signal can be captured forming a two-dimensional, spatially resolved measurement of the density field.
Acetone is chosen for this study as it is economical, safe and an efficient absorber of light at 266 nm, the 4 th harmonic output of Nd:YAG lasers. Uniform seeding of acetone into the flow is possible by mixing it with the air supply well upstream of the test section. Acetone fluorescence has been well characterized by Lozano et al. 14 and successfully applied in a Mach 2.0 flow field by Papamoschou and Bunyajitradulya 15 and more recently in a Mach 2.5 flow field for aero-optic applications by Catrakis et al. 16 with a similar laser pulse energy of that described here.
For 3-D measurements, the laser sheet will be scanned through the flow field at high-speeds and a high-speed 1. High-speeds are possible using a MHz rate pulse burst laser, a galvanometric scanning mirror and a high framing rate CCD camera. The key is the capabilities of a home-built pulse burst laser system, which can produce a burst of short duration laser pulses at repetition rates in excess of 1 MHz. 18 In the development of the 3-D flow visualization system, a burst of 68 laser pulses was produced at 500 kHz repetition rate, deflected off of a 6 mm aperture galvanometric scanning mirror and formed into a laser sheet using a cylindrical lens. Images were acquired for each successive laser pulse using a DRS Hadland Ultra68 intensified camera, which is capable of acquiring 68 images with 220 x 220 pixel resolution at framing rates up 500,000 frames per second. Thus, a sequence of 68 images can be acquired in 136 microseconds with this camera. It is important to note that the overall speed of the technique was limited by this particular camera's maximum speed (500 kHz) as both the laser and mirror are capable of rates in excess of 10 MHz.
Figure 1: Schematic of Laser Sheet Scanning Technique for 3-D Flow Visualization
A sample image acquired using the 3-D flow visualization technique is given in Figure 2 . The image was reconstructed from the sequence of 68 2-D images using Tecplot visualization software. This particular image depicts the near-field of the vortex dominated flow of a round jet with Reynolds number of 6,800. The jet diameter was approximately 1.2" and the flow was seeded with small water droplets for visualization. The 3-D image volume is 3.75" x 3.75" x 2.5" with a resolution of 220 x 220 x 68 pixels. Evident in the image are a pair of vortex rings, which are visualized by fitting a surface to the boundary between the seeded jet and unseeded ambient air. More details and discussion of these images are given in Thurow and Lynch. 19 The most important feature, as far as the current work is concerned, is the ability to scan and image a laser light sheet at very high speeds such that a 3-D image can be formed in tens of microseconds or less. For 3-D LIF of acetone, a number of changes to the system must be made. First, the energy output of the pulse burst laser must be significantly increased and converted to 266 nm. In the previous work, each laser pulse was 250 nsec in duration producing approximately 1 mJ of energy per pulse at 532 nm. While sufficient for demonstration purposes, this energy is not adequate for general wind tunnel measurements or for fourth harmonic conversion to 266 nm. As such, the pulse burst laser has been upgraded through the addition of two more amplification stages and a fourth harmonic generator. and are detailed in the next section. Second, the galvanometric scanning mirror must be fitted with a highreflectivity UV mirror. Lastly, it is not clear if the signal to noise ratio of the high-speed camera used in the previous work is sufficient to make accurate density measurements. In addition, the camera's speed (500 kHz) and resolution (220 x 220 pixels) is surpassed by other commercially available cameras. Thus, a better camera may yield more accurate, higher resolution and higher speed measurements.
Preliminary results of this upgrade constitute the main results reported in this paper
Lastly, compared to flow visualization, a significant advantage of LIF techniques is that the fluorescent light's frequency is red-shifted from the incident light. This allows measurements to be made much closer to the wall where scattering typically limits the applicability of other techniques such as PIV or LDV. Sources of noise in LIF measurements include the background signal produced by surface scattering, non-fluorescent molecular/light interaction processes (e.g. Rayleigh scattering and phosphorescence), low signal levels, non-uniform acetone seeding and intensity variations in the incident laser light sheet. For accurate determination of flow density, the incident light intensity must also be known at all points in the flow. The limiting factor in this case will be variations in intensity across the laser sheet. These variations can be corrected for using a calibration procedure, either using a specially designed calibration cell or an in-situ method based on the intensity in regions of the flow where the density gradients are minimal.
III. Upgrade of the MHz rate pulse burst laser system
For 3-D LIF of acetone, it is necessary to convert the output of the pulse burst laser system to 266 nm and to increase the pulse energy significantly. As such, a major upgrade to the laser system described in Thurow, Satija and Lynch 18 has been undertaken with preliminary results of the upgrade reported here. The upgrade includes the addition of two additional amplification stages (for a total of five), a brand new flashlamp power supply for all five amplifiers and the implementation of a fourth harmonic generator to convert the native 1064 nm output to 266 nm, which is readily absorbed by acetone. The basic concept of the pulse burst laser system, originally described by Wu et al. 20 , has led to the development of multiple systems as described in Refs 18,21-25. The basic concept of the current system remains the same as previous systems, although the use of an AOM for pulse slicing and incorporation of a fourth harmonic generator are unique features. Figure 3 shows a photograph of the current form of the pulse burst laser system housed at the advanced laser diagnostics laboratory at Auburn University. A 100 mW cw Nd:YAG laser is sliced into a burst of short duration laser pulses using an acousto-optic modulator (AOM). The high repetition rate performance and pulse duration of the pulse burst laser is determined by the rise/fall time of the AOM, which is approximately 7 nsec, thus allowing for the formation of pulses on the order of 15 nsec or longer. The AOM is activated using a TTL input and is capable of producing 'pulses on demand'. Thus, the system is extremely flexible and capable of producing bursts of pulses with repetition rates in excess of 50 MHz. The AOM's first order diffraction efficiency is approximately 30%, which is significantly lower than previously reported and may be due to solarization (color darkening) of the acousto-optic crystal. It may also be related to damage observed on a small portion of the surface of the GalliumPhosphide (GaP) acousto-optic crystal and likely caused by improper positioning of the focal point at the crystal surface as opposed to within the crystal's volume.
Upgraded Pulse Burst Laser System Design
The resulting low energy (order 0.5 nJ) pulses are then directed through a chain of five flashlamp pumped Nd:YAG rod amplifiers with rod diameters of 4, 5, 6.35, 9.5 and 12.7 mm, respectively. The first three amplifiers are double-passed while amps four and five are currently configured as single pass. The fourth and fifth amplifiers are new additions to the system. Energy is delivered to the flashlamps using five Analog Modules 8800V pulsed flashlamp controllers, which are configured identically to those described in Jiang et al. 25 These controllers deliver approximately constant energy over a variable duration pulse up to 2 msec in duration and are configured to provide up to 300 J of energy for the first 3 amps, 400 J for the 4 th amp and 600 J for the 5 th amp. This allows for relatively uniform gain to be achieved over a long period of time and the production of a more uniform burst of pulses. As will be shown, due to limitations associated with amplified spontaneous emission (ASE) and the preliminary nature of this work, the full power of these controllers is not exploited in this work. Telescopes are positioned before each amplifier stage to control the beam size and compensate for thermal lensing of the Nd:YAG rods. In addition, faraday isolators are used to isolate each stage and minimize ASE and parasitic lasing that results from the high overall gain of the system. Following passage through the five amplifiers, the beam is passed through two harmonic generators to frequency double the light first to 532 nm and then to 266 nm. A photo of the harmonic generators is shown in Figure 4 . The first stage consists of an 8 x 8 x 10 mm, type II KTP crystal cut for second harmonic generation (SHG) of the 1064 nm light to 532 nm light. A telescope is used to the reduce the beam diameter from ~ 10 mm at the exit of the 5 th amp to ~ 5.5 mm at the entrance to the KTP crystal. The beam is reflected off of two 532 nm high reflectivity (HR) mirrors and then passed through another telescope to reduce the beam diameter to approximately 4 mm. This size reduction is necessary to produce a higher beam intensity for more efficient generation of 266 nm light. For SHG of the 532 nm light to 266 nm light, two non-linear optic materials are being investigated. The first is Type I KDP, which is commonly found in many commercial Nd:YAG laser systems and the second is Type I BBO. BBO has a higher nonlinear coefficient than KDP and can potentially yield significantly higher conversion efficiencies, but has a very low angular bandwidth which necessitates a well collimated and high quality beam. It remains to be seen if the beam quality of the pulse burst laser is sufficient to achieve the benefits of the BBO crystal. Both crystals have fairly high damage thresholds and can achieve phase-matching by angle tuning at room temperature.
Preliminary Results: Single Pulse Measurements
The measurements presented here are preliminary in nature and represent our first attempt to extract 266 nm light from the pulse burst laser system. All measurements are for a single laser pulse 15 nsec in duration. The flashlamp controller for each amplifier was set to produce an 800 microsecond long pulse (including 150 microsecond rise time) with 20.3, 32.9, 49.4, 106.2 and 138.4 J of energy delivered to each flashlamp, respectively. Average power measurements were made using a thermopile sensor with pulse energies estimated based on the 4 Hz overall repetition rate of the system. A common concern for laser systems with large gain is amplified spontaneous emission (ASE), which can reduce the gain available in the system by prematurely draining energy stored in the rods. In addition, for pulse burst lasers, the contrast ratio of the pulses is also important as the low intensity background traveling through the system also experiences amplification removing additional energy from the Nd:YAG rods. Both effects are minimized in other pulse burst laser systems using a phase conjugate mirror (PCM), which acts as a non-linear mirror that reflects the desired high intensity laser pulses while filtering out the low intensity background. This allows more energy to be stored in each rod increasing the overall gain of the system. Unfortunately, a PCM has not yet been incorporated into the current system. As such, ASE was found to be a significant component of the measured power output of the laser. The magnitude of ASE was determined my measuring the power at the exit of the 5 th amplifier with all amplifiers running, but no laser input. Under the conditions given above, the measured power was ~800 mW on average, which corresponds to ~200 mJ of energy for each 800 microsecond duration. In addition to ASE, an additional source of energy loss in the system is due to "DC leakage" of the AOM when nominally "off". This was measured by turning the laser on, but keeping the AOM off. In this case, the measured power was 1.4 W, which corresponds to a total ~350 mJ of lost energy over the duration of each flashlamp pulse. With the AOM turned on to produce a single 15 nsec laser pulse (per firing of the flashlamp), the power meter reading rose to 1.85 W indicating that the single pulse operation contributed 450 mW of power, or ~112 mJ/pulse (4 pulses per second). Thus, the pulse energy is estimated to be 112 mJ at 1064 nm, which gives an overall system gain of ~ 2 x 10 8 at the current settings. It should be noted that none of the amplifiers were set at their maximum power output and higher pulse energies are expected in the future. It is also noted, that the performance in a burst mode setting will be different as each pulse will remove energy from the system thus reducing the gain available for subsequent pulses. Nonetheless, the achieved pulse energy is quite encouraging as it is in line with systems described elsewhere and our first attempt with the upgraded system. As mentioned, an important characteristic of the laser system is the contrast ratio of the pulses which is defined as the ratio of the peak pulse intensity to that of the background. For a 112 mJ pulse with 15 nsec duration, the peak power of each pulse is estimated to be approximately 7.5 MW. This is in contrast to the 350 mJ of energy lost over the 800 microsecond duration of the flashlamp pulse, which is equivalent to 440 W. Thus, the contrast ratio is estimated to be ~17,000:1, which is consistent with previously reported measurements and an improvement over Pockels cell based systems. Despite the improvement, 350 mJ of energy has still been removed from the system due to the presence of this low intensity background. In addition, this also prevents us from increasing the overall gain of the system as the low intensity background will amplify at a greater rate than the high intensity laser pulses due to gain saturation. Thus, it is concluded that a PCM, or similar device, should improve the performance of the system, particularly for burst mode operation.
Just as important is our ability to produce significant energy at 532 nm (for flow visualization) and 266 nm for acetone fluorescence. The pulse energy after frequency doubling using a Type II KTP crystal was estimated to be 54 mJ/pulse yielding a conversion efficiency of 47%, including losses. This is considered quite good and is quite encouraging. In addition, higher efficiencies may be achieved by increasing the pulse energy or reducing the beam diameter even further. In the current experiments, the beam diameter was reduced to ~5.5 mm prior to entering the KTP crystal yielding an estimated intensity of 30 MW/cm 2 whereas the damage threshold of KTP is nearly an order Figure 4 -Photograph of harmonic generators for production of 532 and 266 nm light.
of magnitude higher. It should be noted that SHG is highly non-linear such that only the high intensity laser pulses are frequency doubled with the low intensity background remaining at 1064 nm and effectively filtered out by the 532 HR mirrors placed after the KTP crystal. 4HG was achieved using a type I KDP crystal with residual 532 nm light filtered out by a pair of 266 nm mirrors. With a reduced beam diameter of ~4 mm ( resulting in ~30 MW/cm 2 at 532 nm), 266 nm light was generated with an estimated energy of 5 mJ/pulse yielding a conversion efficiency of ~10% for 532 to 266 nm and an overall conversion efficiency of ~2% for 1064 to 266 nm. In addition to the KDP crystal, an attempt was made to use a BBO crystal to produce UV light. Encouragingly, UV light was detected, however, the power was too low for accurate measurement. Only a modest attempt, however, was made in these experiments to collimate the beam and improve the beam quality going into either the KDP or BBO crystal. Both crystals (especially BBO) have a relatively small angular bandwidth and require high beam intensities and good beam quality to achieve efficient conversion. The conversion efficiency is expected to improve significantly in the future by improving the beam quality and/or reducing the size of the beam incident to the NLO crystal. Lastly, in light of the overall objective of this work, the 266 nm laser beam was used for acetone LIF by directing the beam through a flow field seeded with acetone. A crude experiment was set-up where nitrogen was bubbled through an acetone seeder and ejected into the room through a small hose. This created a flow in the room partially seeded with acetone. As such, the path of the laser beam through the flow was clearly observed and imaged using a CCD camera. Figure 5 presents an image of the acetone fluorescence. Unfortunately, a UV-grade cylindrical lens was not available to form a laser sheet making the image difficult to interpret. Still, the fundamental idea of LIF of acetone using the pulse burst laser is crudely demonstrated and an encouraging sign for the future. 
IV. Conclusions and Future Work
This work represents our first steps towards the development of 3-D LIF of acetone for density measurements in turbulent flows. It has been shown that the pulse burst laser system, with upgraded power and the addition of a fourth harmonic generator, is capable of producing sufficient energy at 266 nm for acetone LIF. A number of improvements to the pulse burst laser system are still being implemented, such as the inclusion of a phase conjugate mirror to provide further isolation between stages and reduce the energy depletion associated with ASE. With the PCM in place, the gain of each amplifier can be further increased where it is expected that pulses with energies in excess of 400 mJ/pulse may be created. A key question, however, is how much energy can be generated for bursts of pulses at 1 MHz where each successive laser pulse reduces the gain available for the next pulse. This is critical with respect to 3-D LIF as the accuracy of the density measurement will depend on the signal strength. In addition, the energy in the burst of pulses needs to be as uniform as possible, particularly as the non-linear conversion efficiency will accentuate any variations in pulse energies. Related to this, it is expected that 4HG can be improved substantially through better beam conditioning and improved collimation of the laser light incident on the BBO crystal.
As these improvements to the laser are being made, we plan on acquiring traditional PLIF images of acetone seeded into a 4" x 4" solid wall transonic tunnel. The tunnel is currently under construction with a schematic shown in Figure 6 . The tunnel is designed for Mach 0.8, which will be achieved by placing a choking point downstream of the test section. A 1" diameter hemisphere will be mounted on one wall of the tunnel to qualitatively represent the flow over a turret. Acetone vapor will be seeded into the tunnel by injecting acetone into the air stream approximately 10 m upstream of the stagnation chamber, thus giving the acetone time to evaporate and mix uniformly into the flow. A Mach 0.8 flow should produce density fluctuations on the order of 50%; as such, it is expected that the fluorescent signal should vary by a similar amount and well within the detection limits of a high QE, cooled CCD available in the laboratory. These measurements will serve as the baseline for development of 3-D LIF as they will indicate the pulse energy and image quality needed to yield accurate measurements. 
